We compared the discriminability of motion direction with a relative motion stimulus after prolonged exposure to relative or uniform motion. Experiment 1 showed that the velocity threshold for the relative motion test after relative motion exposure was higher than that after uniform motion exposure, whereas no such difference was found when we tested with a uniform motion stimulus. Experiment 2 showed that prolonged exposure to relative motion decreased the discriminability of speed differences more than exposure to uniform motion. These results suggest that the visual system's pathway for relative motion signals is different from that for uniform motion signals.
INTRODUCTION
Perception of motion depends not only on the velocity of an image in a given retinal area but also on the velocity of the images in the surrounding area. For instance, presenting either a stationary or a moving stimulus in the opposite direction in the surround strengthens the motion impression of a moving target [1] [2] [3] [4] [5] [6] [7] [8] as well as motion aftereffect (MAE). [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Walker and Powell, 8 for example, have reported that the perceived velocity is greater when the stimulus in the adjacent area is moving in the opposite direction. To accommodate this fact, a relative motion detector is often modeled as being a motion-sensitive unit with a center-surround antagonistic receptive field. 4, 7, 22, 23 That is, both/either the preferred direction of the surround is in the opposite direction to that of the center, and/or the signal from the surround inhibits the activity. On the other hand, it is widely accepted that the visual system has a motion detector specialized in uniform or global motion. [24] [25] [26] [27] Williams and Sekular, 27 for example, developed a random-dot kinematogram in which the motion direction of each dot is individually defined. They showed that the random-dot field was seen to move coherently if the possible motion direction was within 180 deg. Assuming that there is a uniform motion detector, one can interpret the above results as follows. A motion detector integrates local motion signals to respond to uniform motion, and the perceived coherent motion is a result of the integration process. Image motion is detected locally, giving rise to a large array of motion vectors at different image locations. Then these local motion signals are integrated across space into regions that share a common velocity, giving a percept of uniform coherent motion.
Such a global motion process can be parallel to the process for relative motion.
Our working hypothesis is that the visual system has two types of motion detectors in parallel pathways: one for relative motion signals and one for uniform/global motion signals. After local motion signals are detected at the first stage of motion analysis, motion signals in the adjacent areas are combined to analyze relative or uniform motion at the next stage, as shown in Fig. 1 . A small circle represents a local motion detector with an arrow, which indicates the preferred direction. The sign above the arrow indicates whether the signal of the local motion detector is excitatory (plus) or inhibitory (minus) to the detector in the next stage. Figure 1 (a) depicts the motion detector specialized in relative motion by inhibition from motion signals in the same direction in the surround (other possibilities are discussed below). Figure  1 (b) depicts the motion detector specialized in uniform/ global motion by adding motion signals in the surround.
The purpose of the present study is to examine whether there are two different motion pathways to convey relative and uniform motion signals, as depicted in Fig. 1 . Although a variety of experiments have shown higher sensitivity to a relative motion stimulus than to a uniform motion stimulus, it is not yet known whether there are two parallel mechanisms for analyzing relative motion and uniform motion signals.
ADAPTATION TECHNIQUE
To investigate whether there are different mechanisms for analyzing relative and uniform motion signals, we used a technique that measures desensitization to relative and uniform motion stimuli. This technique compares sensitivity after exposure to relative motion with that after exposure to uniform motion. If the comparison shows that there is greater reduction in sensitivity to relative motion by the exposure to relative motion than by that to uniform motion, it will indicate that there is a motion detector that is specialized in, or primarily sensitive to, relative motion. If such a difference in sensitivity is not found in the uniform motion test, it will indicate that the relative motion detector is different from the mechanism sensitive to uniform motion. Furthermore, if the comparison shows that sensitivity to uniform motion is reduced more by exposure to uniform motion than by that to relative motion, it will indicate that there is a motion detector that is specialized in, or primarily sensitive to, uniform motion.
An adaptation technique has two important features. First, the technique avoids contamination by positional cues in performing tasks with motion stimuli. If an observer detected the displacement of the stimulus based on the positional shift of a part of the stimulus during presentation, it will confound the threshold measurements. However, an adaptation technique compares the threshold difference of an identical test stimulus after different adaptation stimuli. Since any effect of positional cues should be the same for a given test stimulus, any threshold differences can be attributed to the influence of the adaptation stimuli on the mechanism that detects the test stimulus. If we find threshold differences in the different adaptation conditions, it should be due to the motionrelated phenomenon, under the assumption that none of the position signals in adaptation stimuli causes desensitization to the test stimulus. Second, the adaptation technique avoids the influences of pursuit eye movements, which could reduce the retinal velocity in uniform motion stimuli. Differences in eye movements in the adaptation conditions may produce threshold differences. The effect of eye movements on the adaptation stimuli, however, should be the same for both relative and uniform motion tests. As such, differences in eye movements cannot explain threshold differences after different adaptations if the threshold difference is specific to either relative or uniform motion.
The adaptation technique used was specialized for our purpose. The key feature of the technique was the oscillation of the adaptation stimuli while two factors were considered. The first factor was the isolation of relative motion detectors from local motion detectors. If a relative motion detector consists of local motion detectors as subunits [ Fig. 1(a) ], then any desensitization effect of the local motion detectors has to be equal between relative and uniform motion adaptations. A relative motion stimulus without a change in direction provides stimulation to local motion detectors in only one direction, which will complicate the interpretation of results. Alternating the direction of motion avoids this problem. The second factor is motion aftereffect (MAE). MAE occurs after prolonged exposure to stimuli moving in one direction. It is usually explained as desensitization or fatigue of the motion-sensitive mechanisms of the visual system. However, desensitization of the motion detector sensitive in one direction alone cannot explain MAE. Interactions between motion detectors sensitive to different directions are also required. Although MAE may be used to examine the existence of a mechanism sensitive to relative motion and another sensitive to local motion, 9 a complication remains. The alternation prevents MAE by equating the desensitization of local motion detectors sensitive in opposite directions. Desensitization without any influence of MAE can be attributed simply to the fatigue of the mechanism sensitive to the adaptation stimulus.
We measured the velocity threshold for direction discrimination to estimate the sensitivity to motion, although contrast threshold or signal-to-noise (S/N) ratio threshold could also have been measured. The reason that we did not measure contrast threshold was to minimize any effect of sensitivity to contrast itself, which precedes motion analysis. We chose high-contrast stimuli, except when contrast was varied, so that visibility of the stimulus did not limit sensitivity to motion. We did not measure a S/N ratio threshold for the following reason. A S/N ratio threshold likely accesses a higher stage of motion analysis compared with a contrast or a velocity threshold, as suggested by Morrone et al. , who showed that the summation area for the S/N threshold was larger than that for the contrast threshold. 25 The reason for the choice of the velocity threshold was to investigate motion analysis at an early stage, before the investigation of more-complicated later stages.
GENERAL METHOD
Relative and uniform motion stimuli were used for both the adaptation and test periods. The adaptation and test stimuli both consisted of vertical stacks of two horizontal bands filled with vertical sinusoidal gratings, moving either to the right or to the left. The bands moved in opposite directions in the relative motion condition and in the same direction in the uniform motion condition. Each band moved back and forth in both conditions (Fig.  2) . A fixation stimulus was located at the center of the black gap to minimize the observer's eye movements dur- ing the adaptation period. The fixation stimulus was, however, removed during the test period to eliminate the possibility of the fixation stimulus becoming a relative motion cue.
Threshold was measured in the test phase after prolonged exposure to the motion stimulus in adaptation phase. Four combinations of adaptation and test stimuli were used ( Fig. 2): (1) the relative motion adaptation and the relative motion test (R-adapt/R-test), (2) the uniform motion adaptation and the relative motion test (Uadapt/R-test), (3) the relative motion adaptation and the uniform motion test (R-adapt/U-test), and (4) the uniform motion adaptation and the uniform motion test (U-adapt/ U-test). We determined the amount of desensitization in the motion detector responsible for detecting relative motion by comparing the velocity threshold between the R-adapt/R-test and U-adapt/R-test conditions. Similarly, we compared the velocity threshold between the R-adapt/ U-test and U-adapt/U-test conditions to investigate the effect of the adaptation conditions on the detection of uniform motion.
In the adaptation phase, the direction of movement for each band changed every 960 ms from left to right or vice versa, while the speed of each band was constant at 33 arc min/s. At the beginning of a session, as an initial adaptation, the gratings moved for 346 s, after which the cycle of 960-ms test and 19-s adaptation periods (i.e., ten times in each direction) was repeated. In the test phase, the test stimulus consisted of either relative or uniform motion as in the adaptation phase. The direction of motion, however, was constant throughout the 960 ms of presentation in the test phase. Speed of the stimulus was varied from trial to trial to obtain the velocity threshold by the method of constant stimuli. The observer reported the direction of the movement of the gratings in the uniform motion condition and the direction of the upper band in the relative motion condition. The observer's response was obtained every 20 s because of the interposed adaptation period.
EXPERIMENT 1
First, we compared the velocity threshold in the R-adapt/ R-test and U-adapt/R-test conditions. Relative motion detectors, if they exist, would be more desensitized from exposure to relative motion than from exposure to uniform motion because they should be sensitive to the relative motion component between the bands. Second, we compared the velocity threshold for the uniform motion in the R-adapt/U-test and U-adapt/U-test conditions. If a motion detector that integrates local motion signals detects uniform motion signals, we expect selective desensitization to uniform motion exposure. We also investigated the effect of the contrast of the adaptation stimulus to examine whether desensitization due to adaptation stimulus saturates with contrast for both relative and uniform motion, as would be expected from the MAE experiments. 28 A different prediction comes from the dependence of threshold on contrast. Velocity threshold was shown to decrease monotonically with the increase of contrast up to 85% for relative motion, whereas saturation occurred at approximately 5% for uniform motion. 29 The threshold difference between the relative and uniform motion adaptations might be larger at higher adaptation contrasts.
A. Method
Three experimental setups, slightly different from each other, were used. This was necessary because there were changes in available equipment throughout the relatively long period of time needed to perform the experiments. There were also some differences among the experiments with the different setups, including in observer's responses (first setup), stimulus size (second setup), and stimulus contrast (third setup).
Apparatus
The first setup was a Graphic workstation (Masscomp MC5600) with a color graphic display of 1152 ϫ 910-pixel resolution (66 Hz noninterlace). The distance between the observer and the display was 102 cm. The second setup was a Macintosh IIfx with a color graphic display of 640 ϫ 480-pixel resolution (67 Hz noninterlace). The distance between the observer and the display was 62 cm. Both systems had 8-bit luminance levels for each of red, green, and blue phosphors. The third setup was a Macintosh IIcx with a black-and-white display of 640 ϫ 480-pixel resolution (67 Hz noninterlace), which had approximately 12-bit luminance levels realized by using the technique developed by Pelli and Zhang. 30 The distance between the observer and the display was 200 cm.
To produce speeds slower than the limitation set by the pixel resolution (1 pixel/arc min for all setups), we used a subpixel-motion technique. A subpixel-motion technique assumes that the visual system blurs the individual pixels sufficiently, so that adjusting the luminance values may appropriately represent displacements smaller than the pixel size. If the system set a very slow speed, only a small number of the pixels changed the luminance value. The slowest speed used was 0.13 arc min/s with the first and second setups and 0.08 arc min/s with the third Fig. 2 . Combinations of adaptation and test stimuli in experiment 1. Arrows in the adaptation stimulus show the motion of each grating. The motion was in opposite directions between the upper and lower gratings in the relative motion condition, and they were the same in the uniform motion condition. The direction of motion was periodically changed during the adaptation.
setup. Even for the slowest speed, at least 20% of pixels in the stimulus field changed the luminance value at each refresh of video frame (1/66 or 1/67 s) for all setups.
Stimulus
The size of each horizontal band was 8. , and the display frame was barely seen, if visible at all, in the dark experimental room. The stimulus contrast was 85% in the first and second setups. The experiment with the third setup varied the contrast of the adaptation stimulus between 1% and 85%, while the test stimulus was fixed at 10%. We used 10% of test contrast to see the effect of adaptation contrast both lower and higher than the test contrast. This is because the effect of adaptation contrast on MAE was reported to depend on the test contrast, showing little or no saturation effect at contrasts higher than the test contrast. 28 Sinusoidal gratings were used to minimize the contributions of multiple mechanisms with different scales. Watson and Eckert reported that the pooling area of motion signals to detect relative motion is scaled with the frequency in the luminance variation, suggesting the existence of multiscale relative motion detectors. 7 A stimulus with a single frequency would primarily stimulate the detector with a certain scale.
Observers
One naive observer and the first author participated in the experiment with the first setup. Three experienced observers who were aware of the purpose of the experiment participated in the experiment with the second setup. Two experienced observers who were aware of the purpose of the experiment participated in the experiment with the third setup. All the observers had normal or corrected-to-normal vision.
Response
In the test phase, observers responded to the direction of stimulus motion. Two observers who participated in the first setup were allowed to respond ''no motion,'' in addition to ''left'' and ''right,'' for two reasons. First, preliminary observations provided the impression that there might be a large range of velocities that produces no perception of motion. We worried that this might produce a psychometric function different from a typical ogive. Second, we wished at the beginning to keep the observer's criterion less severe by giving the response for ambiguous percepts. This was meant to minimize the influences of the lower limit of the stimulus speed on the apparatus. However, neither condition was found to skew the result. We used two alternative responses for the five other observers who participated in the second and third setups. They responded ''left'' or ''right'' but not ''no motion.'' The results with either two or three alternative responses were similar in terms of the threshold ratio between the two adaptation conditions. Figure 3 compares psychometric functions in the R-adapt/ R-test and U-adapt/R-test conditions for one observer. The functions show a clear difference in the uncertainty interval between the adaptation conditions. Through Probit analysis, we defined the threshold for the data obtained from the two alternative responses as the velocity that gave 75% correct responses. The number of trials to determine each threshold was 750 and 375, respectively, in the experiments with the second and third setups. We analyzed the data with three alternative responses as follows. First, the percentage of correct responses (i.e., average of left responses for the test moving leftward and right responses for the test moving rightward) was plotted as a function of the absolute value of the test velocity. This was equivalent to the detection rate obtained by a yes/no task. Second, we defined the velocity threshold as the velocity that gave 50% correct responses through Probit analysis. The number of trials to determine each threshold was 440. Table 1 shows the threshold values for both the relative and uniform tests in each adaptation condition. Only the data with 85% contrast of the adaptation stimulus are shown from the experiment with the third setup. The ratio of thresholds between relative and uniform motion adaptation is also shown in Table 1 . The ratio of 1.0 indicates no difference between the two adaptation conditions, while values higher than 1.0 indicate that the threshold elevated more after relative motion adaptation than after uniform motion adaptation.
B. Results and Discussion
First, we examined whether the threshold of the relative motion was different between the two adaptation conditions. A t test showed that the threshold ratio between the two adaptations was significantly different from 1.0 (d.f. ϭ 6, t ϭ 11.3, p Ͻ 0.01). The test was performed with data translated to a logarithmic scale, assuming that the estimate of the ratio follows a normal distribution in a logarithmic scale. The same test in the linear scale also showed the difference to be significant. The average ra- tio between the two adaptation conditions was 1.59. Exposure to relative motion caused a larger threshold elevation than exposure to uniform motion. This indicates that there is a motion detector that is more sensitive to relative motion than to uniform motion.
Next, we examined whether the uniform motion threshold was different between the two adaptation conditions. Threshold values for uniform motion were similar between the two adaptation conditions. The ratios were close to 1.0. The t test showed that the threshold ratio between the two adaptations was not significantly different from 1.0 (d.f. ϭ 4, t ϭ 3.04, p Ͼ 0.05). This was confirmed by performing a z test using the estimated variance by Probit analysis for individual data. For the four observers who participated in both test conditions, the threshold difference between the two adaptation conditions was not significant for the uniform motion test, whereas it was significant for the relative motion test. These results indicate that both relative and uniform motion in the adaptation phase similarly stimulated the motion detector that determined the threshold of uniform motion. Since this finding is different from the results of the relative motion test, different mechanisms must determine the velocity threshold of the relative and uniform motion tests. In the model in Fig. 1 , both the local and uniform motion detectors are candidates for the mechanism responsible for the uniform motion threshold. Since the sensitivity to the uniform motion test did not selectively elevate after uniform motion adaptation, the question of whether or not there is a uniform motion detector cannot be answered.
The similarity of the thresholds after the two motion adaptations also suggests that the motion detector in question has a receptive field smaller than the stimulus band. For a motion detector that pools signals within the receptive field that covers the two bands of gratings, the relative motion adaptation should be less effective than the uniform motion adaptation. This is so, because motion signals opposite to the preferred direction either minimally stimulate or inhibit the activity of the detector. Since the results did not show such a difference, a motion detector that pools signals within an area smaller than the band size should have been responsible for the detection of uniform motion. Figure 4 (a) shows the velocity threshold as a function of the contrast of adaptation gratings separately for each observer in the third setup. The largest dependence of threshold on contrast was obtained in the R-adapt/R-test condition, while threshold in the other conditions also increased slightly with adaptation contrast. The shape of the threshold function was similar among the conditions, and threshold was highest at the highest contrast in all the conditions for both observers although the effect of contrast was perhaps too small to determine whether the effect of adaptation contrast saturates, except in the R-adapt/R-test condition. The result in the R-adapt/Rtest condition showed that the threshold tended to increase with the contrast of the adaptation stimulus without saturation, which is inconsistent with the finding that the increase of adaptation contrast has little influence on MAE in a high-contrast region. 28 To see the difference between the relative and uniform motion adaptation conditions, we show the ratio of the velocity thresholds in Fig. 4(b) . The threshold ratio tended to increase with the contrast of the adaptation stimulus for the relative motion test, whereas it is approximately 1.0 for the uniform motion test. The difference is significant only for the relative motion test, which is consistent with the presumption that the relative motion detector is more effective at higher contrasts. 29 
EXPERIMENT 2
One of the important questions related to relative motion detectors is whether such a detector is sensitive to relative motion in the same direction but of different speeds. The relative motion detector with inhibitory input from the surround (Fig. 1) should cancel out, or at least reduce, common motion components across the receptive field. The relative motion detector should have low sensitivity to the uniform motion signals in the large field. Experiment 2 investigated whether the relative motion detector is sensitive to relative motion in the same direction but of different speeds. We used the same two adaptation conditions as those in experiment 1 and measured the velocity threshold for detecting relative motion between the two gratings moving at different speeds. If relative motion or a speed difference between the two bands is detected by the mechanism that detects relative motion in the opposite direction, then the threshold will be higher after relative motion adaptation than after uniform motion adaptation.
A. Method
The experimental procedure was similar to that of experiment 1, except for the test stimulus. The upper and lower bands moved in the same direction with variable relative velocities. One of the bands moved faster because of the addition of the relative motion component be- tween the bands. We used a color monitor and a microcomputer (Macintosh II), which was configured similarly to, but not identically to, the second setup in experiment 1. The average luminance of the grating was 24.0 cd/m 2 . The two adaptation conditions were the same as those of experiment 1 (relative and uniform motion). The test stimulus was made up of vertical gratings moving toward the right at 1.12 deg/s when no relative motion was added. The velocity of the upper and lower bands was offset by a different random amount in each trial.
To minimize eye movements, the duration of the presentation of the test stimulus was 135 ms. There may have been some anticipatory pursuits, even for the short presentation, since the direction of motion was always to the right. However, the expected effect would be smaller than 40% of the stimulus speed 31 (Ͼ25 arc min/s for 1.12 deg/s), and the direction of retinal motion of the two bands would be the same, even with the highest relative motion component added in our experiment (Ͻ20 arc min/ s). Stationary gratings were displayed before and after the moving grating, with the total presentation lasting for 1 s. Without the stationary gratings, the onset and/or the offset of the stimulus presentation would strongly mask the stimulus motion. The observers were asked which of the two bands, the upper or the lower, moved faster. The number of trials to determine each threshold was 110. Four new observers, who were naive to the purpose of the experiment, and the first author participated in the experiment. All the observers had normal or corrected-to-normal vision.
B. Results and Discussion
The ratio of velocity threshold between the two adaptation conditions is shown with the threshold in Table 2 . The difference in the velocity threshold after relative and uniform motion adaptation was similar to that in experiment 1 despite a large difference in the absolute values. The average ratio was 1.38 across observers, which was somewhat smaller than that from experiment 1 (i.e., 1.59). The same t test as that in experiment 1 showed that the ratio was significantly larger than 1.0 (d.f. ϭ 4, t ϭ 7.64, p Ͻ 0.01). The threshold difference is attributed to the desensitization induced by relative motion, because both types of adaptation stimuli similarly stimulated the local or uniform motion detectors as in experiment 1.
The results indicate that the motion detector responsible for speed discrimination in the same direction is sen- sitive to relative motion in the opposite direction as well. It is likely that a common mechanism contributes to the detection of relative motion with and without common motion components. A relative motion detector with inhibition from the receptive field surround explains the sensitivity to the speed difference of motion in the same direction. The surround inhibition extracts the relative motion component of motion signals, at least partially.
The inhibition from the receptive field surround is consistent with the performance of monkey MT cells. Physiological studies have shown that the surround signals inhibit the activity most when the speed and the direction of the motion stimulus are the same in the center and the surround. 31, 32 Since the inhibition is less with larger speed differences, the cells are more or less sensitive to relative motion in the same direction.
GENERAL DISCUSSION
Experiment 1 showed that prolonged exposure to relative motion provided a larger threshold elevation than that to uniform motion when the observer's task was to discriminate the direction of the relative motion stimulus. When the task was direction discrimination of the uniform motion stimulus, the threshold was similar after the relative and uniform motion adaptations. Experiment 2 showed that desensitization to relative motion influenced the detection of relative motion in the same direction. We claim that these results indicate that there are two different motion pathways: one for relative motion and one for uniform motion. In this section, we consider alternatives to our interpretation of the present results and also discuss the receptive field organization of the relative motion detector.
A. Effect of Eye Movements
The present results showed that the sensitivity to relative motion was reduced more after exposure to relative motion than after that to uniform motion. Since local stimulation of the two motion stimuli was equal in the adaptation stimulus, the difference in the results can be attributed mainly to the presence/absence of the relative motion components. The stimulation, however, was not identical in the two adaptation conditions. Particularly, pursuit eye movements may have different influences on the two motion conditions. Tracking the grating would reduce the retinal velocity in the uniform motion stimulus, while it should not have provided any difference in the relative velocity between the bands. One may hypothesize that the difference in eye movements caused the difference between the adaptation conditions for the relative motion test. However, the different results for relative and uniform motion test stimuli indicate that any effect of eye movements cannot explain the selective desensitization to relative motion. If the difference in thresholds between the two adaptation conditions for the relative motion test was caused by the different influences of eye movements, then the same difference would have occurred for the uniform motion test. Since the uniform motion test showed little or no difference in threshold between the two adaptation conditions, interpretation of the present results by pursuit eye movements was ruled out.
We also measured eye movements while an observer was being exposed to uniform motion in the adaptation phase in order to examine how much the grating motion influenced observers' fixation. Eye movement traces of three cycles of oscillation were averaged over five runs for the relative and uniform motion stimulus. The observer was asked to track the gratings of the upper band in one condition and to fixate a point in the other condition. The results showed that the eyes were much more stable in the fixation condition than in the tracking condition. When the observer tracked the stimulus, the eye movements mimicked the stimulus movements. When the observer fixated, there was no systematic relationship between eye and stimulus movements. The eye movement records showed small drifts and microsaccades, which was similar to the eye movements from fixation with stationary gratings. The correlation of eye movement record to stimulus movement was 0.95, Ϫ0.18, and Ϫ0.19 for tracking uniform motion stimulus, fixating with uniform motion stimulus, and fixating with relative motion stimulus, respectively. These results indicate that there was little effect of tracking eye movements on retinal velocity in the adaptation phase.
B. Positional Changes
One possible problem with using a velocity threshold is that an observer may respond by using positional cues. Responses based on the relative position of gratings should not reflect the sensitivity of the motion detection mechanism. This is not a problem in the present experiment for the relative motion test because the threshold differed between the two motion adaptation conditions. The difference between the two conditions should be attributed to a difference in sensitivity to the two types of motion in the adaptation phase, under the assumption that no positional signal in the adaptation stimuli causes desensitization to the test stimulus.
There are still two alternatives related to the effect of positional cues. First, one may hypothesize that a mechanism sensitive to relative position that is desensitized by exposure to relative motion contributes to our measurement for the relative motion test, although we can imagine no particular mechanism. The selective desensitization for the relative motion test may be attributed to the fatigue of such a mechanism. Second, positional cues may have determined threshold for the uniform motion test, and the threshold was not different between the adaptation conditions because there was no influence of desensitization of motion detectors on the use of the positional cues.
There are two reasons to believe that a motion mechanism determined our velocity threshold. First, several studies measuring the velocity threshold with variable presentation durations have suggested that the positional cues were not the determining factor of the direction judgments at a threshold level of velocities. 29, [33] [34] [35] If positional shift were the determining factor, threshold should be constant when expressed in terms of the total displacement of the stimulus. Although the displacement at threshold is fairly constant between 0.1-and 0.5-s durations, it increases with duration longer than approximately 1 s, and the threshold velocity approaches a constant. Second, our preliminary measurements with direction judgments showed the shift of the velocity with no perceived motion after unidirectional motion adaptation (i.e., no oscillation), as predicted from MAE for both relative and uniform motion (see also Sachtler and Zaidi 36 ). This indicates that the direction judgment with slow speed motion (like ours) reflects the sensitivity of a motion-sensitive mechanism, not a position-sensitive mechanism.
C. Detectors at Different Locations
It is not easy to determine which of the motion detectors sensitive to different locations determines the threshold. Our implicit assumption was that the threshold was determined by the detector located at approximately the center of the two bands determined in the relative motion test and by the detector located at the center of either of the bands in the uniform motion tests. An alternative interpretation of the present results is that relative motion detectors at different locations are responsible for the relative and uniform motion signals (Fig. 5) . A relative motion detector located at the upper side of the upper band (or the lower side of the lower band) may determine the threshold of the uniform motion test stimulus. This is possible because the relative motion detector, when stimulated by the uniform motion test, has less surround inhibition than that of the relative motion detectors at other locations in the stimulus. If this is the case, the threshold elevation for the uniform motion test should be the same after the relative and uniform motion adaptation, since the receptive field of the detector covers only a part of one band. For the relative motion test, a relative motion detector at the center of the two bands perhaps determines the threshold. In this case, the different results between the relative and uniform motion tests can be attributed to which of the relative motion detectors at different locations is more sensitive to each stimulus, and only a single motion pathway is required to explain the present results.
However, this interpretation is not consistent with differences in velocity threshold found in a similar measurement. Shioiri et al. found remarkable differences in spatial-frequency and contrast characteristics between the relative and uniform motion tests. 29 Velocity threshold was lowest at approximately 5 c/deg for relative motion, whereas it was approximately constant for uniform motion as a function of spatial frequency. Velocity threshold decreased with contrast for relative motion, whereas it was approximately constant above 10% for uniform motion. If the difference were caused by the difference of the location of the detector, we would expect similar spatial-frequency and contrast characteristics for the two motion tests.
D. Receptive Field Property of the Relative Motion Detector
The present results provided information about the spatial property of a possible relative motion detector. In this subsection, we discuss the possible receptive field organizations of the relative motion detector. The result of experiment 2 shows that the motion detector sensitive to relative motion is also sensitive to speed difference. This can be explained by assuming an opponent-type interaction among relative motion detectors sensitive to opposite direction, as in the typical model of a relative motion detector 22, 23 [ Fig. 6(a) ]. If a motion detector has opponency, the detector outputs an inhibitory (or negative) signal for stimuli moving in a direction opposite to the preferred direction. This type of relative motion detector cancels out, or at least reduces, the response to the common motion component in the center and surround receptive fields, leaving responses to speed differences between the motions in the same direction.
Inhibitory signals from the surround are sufficient to cancel out common motion components within the receptive field, and inhibition in the center of the receptive field, which realizes motion opponency, is not necessary. 37, 38 Our results suggest that the mechanism responsible for the detection of relative motion does not need motion opponency either. The average stimulation caused by oscillating the motion stimulus to an opponent relative motion detector [ Fig. 6(a) ] would be zero, because the responses to the opposite directions would be balanced by the alteration of motion direction. If biased stimulation in one direction were the cause of the desensitization of motion-sensitive mechanisms, the opponent motion detector would not show any desensitization or aftereffect. The desensitization of the detector sensitive to unidirectional motion should be responsible for the threshold elevation in our experiments. Therefore here we consider a motion detector without opponency in the central field. Figures 6(b) -6(d) depict three relative motion detectors without opponency in the center of their receptive fields. Their sensitivity to relative motion is realized by inhibitory (or facilitative) signals from local motion detectors sensitive to motion in the same (or the opposite) direction in the adjacent areas. To cancel out or reduce the common motion signal at the center and surround receptive fields, we require an inhibitory signal from the surround. Therefore a model with only facilitative interaction [ Fig. 6(d) ] is not appropriate.
The reports that the presence of surround motion in the opposite direction strengthens the motion signals [1] [2] [3] [4] [5] [6] [7] [8] suggest facilitative interactions. Having only inhibitory interaction does not provide any increase in motion signals by surround motion in the opposite direction compared with that with no surround. Facilitative interactions are also consistent with some physiological evidence in monkey MT. The response of some MT cells to the motion in the preferred direction is reduced when the surround motion is in the same direction. 31, 32 In addition, a motion signal in the opposite direction in the surround facilitates the activity of some of the cells recorded. A model with both facilitative and inhibitory interactions [ Fig. 6(b) ] may be the most physiologically plausible if our psychophysical measurements reflect the natures of MT cells. We should note, however, that recent studies suggest that the detection of relative motion can be as early as V1. [39] [40] [41] The cells at MT may not be the counterparts of our relative motion detector.
